ABSTRACT. Plant lectins are proteins that possess at least one non-catalytic domain, which could reversibly bind to specific monosaccharides or oligosaccharides. The important roles played by plant lectins in immune regulation, signaling pathways, and plant defense could be attributed to their specific binding activities with carbohydrates. In this study, a Pinellia integrifolia lectin gene, designated pia, was cloned using rapid amplification of cDNA ends. The open reading frame (ORF) of pia was constructed into the pET-28a vector, and a 33-kDa recombinant protein was induced in Escherichia coli BL21. The hemagglutination and anticancer properties of the purified recombinant protein were assayed in vitro. The results indicated that the full-length cDNA of pia was 1210 bp long, containing an 807-bp ORF encoding a 268-amino acid peptide. The putative P. integrifolia lectin protein (PIA) contained three mannose-binding sites. The agglutinating activity exhibited by PIA was inhibited by D-mannose. PIA was also shown to exert an anti-proliferative activity against nasopharyngeal carcinoma, human cervical carcinoma, and human breast cancer cell lines in vitro. These results could be applied to determine the function of PIA in the future.
INTRODUCTION
Lectins are carbohydrate-binding proteins that possess at least one non-catalytic domain, and that can reversibly bind to specific monosaccharides or oligosaccharides (Peumans and Van Damme, 1995) . Lectins are extensively distributed in the biosphere and can be found in almost all living organisms, such as plants, viruses, bacteria, invertebrates, and vertebrates, including mammals (Carlini and Grossi-de-Sá, 2002) . Plant lectins are the most thoroughly investigated type of lectins. A large number of studies show that most plant lectins play a role in defending the plant against different kinds of plant-eating organisms (Zhen et al., 2002) . Mannose-binding lectins (MBLs) are extensively distributed in monocot families such as Alliaceae, Araceae, Amaryllidaceae, Liliaceae, Bromeliaceae, and Orchidaceae ( Van Damme et al., 2000) . Many lectins, particularly those with mannose-binding capacity, possess significant cytotoxic activity and induce apoptosis in many typical tumor cells (Karasaki et al., 2001; De Mejía and Prisecaru, 2005; Kaur et al., 2006) . MBLs have been recently isolated from several Pinellia species, including P. ternata (pta) (Yao et al., 2003) , P. cordata (pca) (Lin et al., 2008) , and P. pedatisecta (ppa) (Lin et al., 2007) . Bioactivity studies have shown that a majority of the MBLs purified from Pinellia possess anticancer activities; for example, PTA has been shown to exert an inhibitory effect on human hepatoma SMMC7721 cells (Xu et al., 2012) .
Pinellia integrifolia N.E.Br., which belongs to the Araceae family, is endemic to China, and is mainly distributed in Sichuan, Hubei, Anhui, and Chongqing. P. integrifolia is an important traditional Chinese medicinal herb with detoxifying, detumescent, and pain alleviating properties. In this study, the pia gene from P. integrifolia was cloned, and a recombinant plasmid containing the cloned gene was constructed, which was successfully expressed in Escherichia coli. The agglutinating activity of the purified protein on rabbit erythrocytes was higher than that of PTA (Liang et al., 2009 ). The recombinant P. integrifolia lectin protein (rPIA) exerts an anti-proliferative activity against human cancer cells in vitro. The aim of this study was to provide scientific data for in-depth research into the function and application of P. integrifolia lectin protein (PIA).
from P. integrifolia were collected for RNA extraction, and total RNA was isolated from the leaves using a plant RNA kit (Omega Biotek, Norcross, GA, USA) according to the manufacturer instructions. The RNA quality and concentration was determined by agarose gel electrophoresis and spectrophotometer analysis (Nanodrop 2000; Thermo Fisher Scientific, Waltham, MA, USA). The extracted RNA was stored at -80°C prior to rapid amplification of cDNA ends (RACE) and reverse transcriptase polymerase chain reaction (RT-PCR) analysis.
Molecular cloning of pia full-length cDNA
Details of primers used in this study are presented in Table 1 . Primers P1-F and P1-R, designed according to the conserved regions of pta from P. ternata and ppa from P. pedatisecta, respectively, were used to amplify the core fragment. The samples (2 µL) were subjected to RT-PCR in reaction mixtures prepared using the one-step RT-PCR kit (TaKaRa Bio Inc., Dalian, China). The cycling conditions were set as follows: reverse transcription at 50°C for 30 min; initial denaturation at 94°C for 2 min; and 35 cycles of amplification (denaturation at 94°C for 30 s, annealing at 54°C for 30 s, and extension at 72°C for 1 min). The PCR products were separated on agarose gels, and the target fragment was recovered and purified from the gels using the QIAquick gel extraction kit (Qiagen, Venlo, Netherlands). This was then cloned into the pMD-18T vector (TaKaRa Bio Inc.) and sequenced by Novogene Biotechnology Co. The gene-specific primers for 3'RACE and 5'RACE (3'RACE Outer, 3'RACE Inter, 5'RACE Outer, and 5'RACE Inter) were designed based on the core fragment of pia; samples were prepared for RACE using the SMARTTM RACE cDNA Amplification kit (Clontech, Mountain View, CA, USA) according to the manufacturer protocols. Briefly, the 3'-and 5'-ready cDNA were synthesized as described by the manufacturer. The first round of PCR for 3'RACE was conducted in a total volume of 50 µL, containing 2 µL 3'-ready cDNA, and 3'RACE Outer and UPM provided in the kit. The PCR cycling conditions were set as follows: initiation at 95°C for 5 min, followed by 35 cycles of amplification (94°C for 15 s, 68°C for 30 s, and 72°C for 1 min). The first round PCR product was diluted 50-fold and used as the template for the second round of PCR, conducted with the 3'RACE Inter primer and NUP provided in the kit. The primary 5'RACE PCR was conducted with the 5'-ready cDNA template, 5'RACE Outer primer, and UPM. The PCR program was set according to the manufacturer protocols. The product of the primary PCR was diluted 50-fold and used as the template for the nested PCR conducted with the 5'RACE Inter primer and NUP (provided in the kit). The 3'RACE and 5'RACE products were cloned into the pMD-18T vector (TaKaRa Bio Inc.) and sequenced.
The open reading frame (ORF) of pia was deduced by aligning and assembling the core sequence and 5'RACE and 3'RACE sequences using the Vector NTI Suite 9.0; the ORF was obtained via RT-PCR with the primers P2-F and P2-R, using the one-step RT-PCR kit (TaKaRa Bio Inc.). The amplified products were purified and cloned into the pMD-18T vector, and subsequently sequenced.
Bioinformatic analysis
The lectin sequences from P. ternata (Thunb) Breit. (PTA, AAR27794), P. cordata N.E.Br. (PCA, ABK88277), and P. pedatisecta Schott (PPA, AGV40779), were acquired from GenBank (http://www.ncbi.nlm.nih.gov). Multiple sequences were aligned using DNAMAN (version 6.0). The ORF of pia was predicted using the ORF finder software (http://www.ncbi. nlm.nih.gov/gorf/gorf.html). The PredictProtein web tool (https://www.predictprotein.org/) was used to deduce the basic parameters and secondary structure of the PIA sequence.
Expression of PIA in E. coli
The ORF fragment corresponding to the PIA polypeptide was generated by PCR amplification, using the primer pair P3-F (containing an EcoRI restriction site) and P3-R (containing a HindIII restriction site) ( Table 1 ). The PCR products were digested with EcoRI and HindIII, and subsequently inserted into the pET28a vector. The constructed recombinant pET28a-pia plasmid was transformed into E. coli BL21. This was grown in Luria-Bertani medium containing 50 mg/mL kanamycin at 37°C up to an absorbance (OD 600 ) of 0.6. The culture was induced by 1 mM isopropyl b-D-1-thiogalactopyranoside. The empty transformed BL21 vector was used as the control. After induction for 0, 0.5, 1.0, 2.0, 3.0, and 4.0 h, the cells were harvested and centrifuged at 8000 g for 5 min at room temperature. The rPIA were purified using a His-bond nickel affinity resin column (Qiagen) according to the manufacturer protocols. The protein purity was analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) as described by Yang et al. (2013) , using slab gels containing 12% (w/v) polyacrylamide; the proteins were detected by staining with Coomassie brilliant blue R-250.
Hemagglutination activity and saccharide inhibition assay
The hemagglutinin activity of rPIA was assayed on 96-well microtiter plates by a serial double dilution method using a previously described method (Kaur et al., 2006 ) using rabbit erythrocytes. Hemagglutination was inhibited using carbohydrates, with a two-fold serial dilution technique (Xu et al., 2012) .
Assay to determine the in vitro anticancer potential of rPIA
Human nasopharyngeal (CNE), human cervical cancer (HeLa), and human breast cancer (Bcap-37) cell lines were obtained from the Medical Science Center of West China, Sichuan University. The cells were seeded on 96-well micro culture plates at appropriate densities to maintain the exponential phase of growth throughout the duration of the experiment. CNE, HeLa, and Bcap-37 cells were exposed to rPIA at varying concentrations (0, 10, 25, 50, 100, and 200 µg/mL) for 24 h, each concentration was evaluated in six separate wells. At the end of the exposure period, 10 µL CCK8 was added to each well and the plates were incubated for 4 h at 37°C. The OD was read using a plate reader (Bio-Rad, Hercules, CA, USA) at a wavelength of 450 nm. This procedure was also conducted in wells containing the media only and the control. The degree of inhibition of cell proliferation was calculated using the following formula:
Growth inhibition (%) = (OD control -OD treated) / OD control
RESULTS

Cloning and characterization of full-length pia cDNA
A specific 533-bp fragment was amplified using two degenerated primers, P1-F and P1-R ( Figure 1A) ; nucleotide Basic Local Alignment Search Tool (BLASTn) analysis revealed that this fragment was highly homologous to other plant lectin genes, particularly the pta gene in P. ternata, indicating the fragment to be a partial lectin gene in P. integrifolia (pia). Two gene-specific primer pairs, designed according to the core sequence, were employed for 3'RACE and 5'RACE, which resulted in approximately 0.5-and 0.3-kb fragments, respectively ( Figure 1B and 1C) . Finally, the full-length cDNA sequence of pia was assembled using the core sequence, 3'RACE sequence, and 5'RACE sequence. The ORF sequence of pia was amplified by RT-PCR using the gene-specific primers P2-F and P2-R ( Figure 1D ) and was confirmed by sequence analysis. The full-length cDNA of pia was 1210 bp long, containing a 91-bp 5'-untranslated region (UTR) and a 312-bp 3'-UTR. The ORF of pia was 807-bp long and coded for a deduced 268-amino acid protein. Primary structure analysis using SwissProt/TrEMBL revealed that the molecular mass of the putative PIA protein was 29.3 kDa, with a theoretical pI of 8.86. This sequence was compared to the previously sequenced P. ternata (Thunb) Breit. agglutinin (PTA, AAR27794), P. cordata N.E.Br. agglutinin (PCA, ABK88277), and P. pedatisecta Schott (PPA, AGV40779); significant similarities were observed between the putative PIA protein and these sequenced proteins (83.76, 84.87, and 76 .38% identity, respectively; Figure 2 ). The deduced amino acid sequence coded by the pia gene contains three mannosebinding sites QXDXNXVXY (QDNVY) similar to most lectins from the Araceae species (Lin et al., 2007) . The amino acid sequences of site II was the same as those of lectins in the Pinellia species. However, the amino acid sequences of sites I and III differed from those of the Pinellia lectins. Gly substituted for Glu at site I, whereas Asp and Asn were substituted by Asn and Phe, respectively at site III. A 23-amino-acid signal peptide was detected in PIA in accordance with the rules of signal peptide prediction (Petersen et al., 2011) . This finding is consistent with most reports on MBLs from the Araceae family (Damme and Peumans, 1998; Fei et al., 2003) (Figure 2 ). The signal peptide contained highly hydrophobic amino acid residues (87%), implying that it was a secretory putative signal peptide.
Overexpression and purification of pia in E. coli
The recombinant vector containing pia was expressed in E. coli BL21. SDS-PAGE showed that the molecular weight of the N-terminal His-tagged PIA protein was approximately 33 kDa ( Figure 3A) . rPIA was expressed after 1 h of induction and attained the highest level after 4 h. The obtained product was purified for further functional analysis. The rPIA was purified by Hisbond Ni Affinity Resin column after 4 h of induction ( Figure 3B ).
Hemagglutination activity and saccharide inhibition assay
A hemagglutination activity assay was conducted on V-bottomed 96-well microtiter plates in 100 µL reaction mixtures comprising equal volumes of a 2% suspension of rabbit erythrocytes (washed thrice in 0.9% sodium chloride) and a two-fold serial dilution of rPIA. These mixtures were incubated at room temperature for 1.5 h, and the cells were observed under an inverted microscope. The cells showed obvious agglutination at a minimum rPIA concentration (required to agglutinate rabbit erythrocytes) of 4.7 µg/mL.
The hemagglutinating activity was inhibited by adding two-fold serial dilution of several sugars (D-mannose, D-glucose, maltose, D-fructose, and D-galactose) to the incubation mixtures, as mentioned in a previous study. The results showed that the agglutinating activity of rPIA could be inhibited by 72 mM D-mannose, but not by D-glucose, maltose, D-fructose, and D-galactose, even at final concentrations of 400 mM.
In vitro anticancer activity of rPIA protein
The anticancer activity of rPIA was assessed in CNE, HeLa, and Bcap-37 cells cultured in the presence and absence of various concentrations (10-200 µg/mL) of rPIA for 24 h. The cells were then assayed with CCK8, which revealed that rPIA inhibited the cell growth in a dose-dependent manner, compared to the control (untreated) cells (Figure 4) . The HeLa cells showed the highest inhibition rate (50.2%) at an rPIA concentration of 200 µg/mL. 
DISCUSSION
Plant lectins are carbohydrate-binding proteins with non-immune origins that can reversibly bind to carbohydrates, agglutinate cells, or precipitate polysaccharides and glycoconjugates. The important role played by plant lectins in signaling pathways, immune regulation, and plant defense can be attributed to their specific binding activities toward polysaccharides and glycoconjugates (Souza et al., 2013) . Plant lectins also possess hemagglutinating, antiviral, and apoptosis-inducing properties, as well as antitumor activities (Liu et al., 2008) . Lectins have received considerable attention for their potential therapeutic application in cancer (Sharon and Lis, 2002) . Typhonium divaricatum lectin exhibits cytotoxicity against prostatic carcinoma Pro-01 and mastocarcinoma Bre-04 (Luo et al., 2007) . Polygonatum cyrtonema lectin also induces apoptosis in cancer cells. P. cyrtonema lectin upregulates Bax and downregulates Bcl-xL and Bcl-2, thereby causing mitochondrial depolarization, cytochrome release, and caspase activation (Liu et al., 2009) . PTA has a dosedependent anti-proliferative effect on hepatoma cells SMMC7721 (Xu et al., 2012) . Läubli et al. (2014) also reported that lectins effectively inhibit the early development of cancer. Yao et al. (2003) and Lin et al. (2007) described the pia gene as containing an 807-bp ORF, encoding 268 amino acids. In this study, PIA was predicted to have a signal peptide, and the deduced mature PIA was composed of 245 amino acids, similar to MBLs from other Araceae species such as P. ternata and Colocasia esculenta (Hirai et al., 1993; Yao et al., 2003) . A database search using protein BLAST (BLASTp) showed that PIA was highly homologous to MBLs such as PTA (Yao et al., 2003) , P. cordata PCA (Lin et al., 2008) , and PPA (Lin et al., 2007) , indicating that PIA is a member of the monocot MBL superfamily. Sequence analysis revealed three conserved mannose-binding sites (QDNVY) in PIA: the amino acid sequence in site II was identical to that of lectins in Pinellia. However, the amino acid sequences at sites I and III differed from those of Pinella lectins. Whether the residual variation in sugar-binding sites implies a functional enhancement or basic functional shift requires further clarification.
The hemagglutinating activity of refolded E. coli PPA against rabbit erythrocytes was approximately four-fold compared to that of E. coli PTA (Liang et al., 2009) . This difference could be attributed to the third divergent mannose-binding motif, which differs by four amino acids, or to the 13 amino acids absent in the C-terminus of PTA, which may affect the three-dimensional conformation (Barre et al., 1996) . In this study, pia was cloned from P. integrifolia and expressed in E. coli cells. The hemagglutination assay revealed that the activity of rPIA was approximately 1.5 times higher than that of E. coli PTA (Liang et al., 2009) . The inhibitory effect of D-mannan indicated that the biological activity of rPIA could be because of its carbohydrate-binding activity. Additionally, rPIA was shown to inhibit the growth of CNE, HeLa, and Bcap-37 cancer cell lines in vitro. The rate of inhibition of HeLa cells was highest at an rPIA concentration of 200 µg/mL (50.2%), indicating that rPIA inhibited cancer cell proliferation in a dose-dependent manner. Furthermore, rPIA exhibited improved anticancer properties compared to rPTA, previously expressed in E. coli by Xu et al. (2012) . However, the exact molecular mechanism of the anti-proliferative effect of PIA on cancer cells requires further investigation.
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